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The study of howmicrobes cause disease has initiated unique research avenues in both infection biology and
cell biology. As our knowledge of the infected cell improves and innovative technologies become available,
new domains of investigation hold promise for better understanding pathogenesis and fundamental cellular
processes.Introduction
Pathogenesis is dependent on pathogen-
specific attributes and a variety of host
factors that play different roles during
infection. Owing to the long coevolution
with their hosts, pathogens are indeed
remarkably proficient at co-opting the
host cell machinery to their own advan-
tage, and this has been of great benefit
for cell biologists who are increasingly
using pathogens to study fundamental
cellular processes. Over the past 2 de-
cades, key issues in cell biology have
been productively addressed using bacte-
rial toxins and/or microbial pathogens as
cellular tools. Conversely, cell biology
approaches have revolutionized our view
of pathogenesis. Here, we discuss the
mutual benefit of cell biology and infection
biology studies. We discuss a selection of
recent cell biological insights gained from
studying bacterial pathogenesis strate-
gies and advances in pathogenesis result-
ing from the study of well-understood
cellular mechanisms. Instead of covering
the whole field, we focus on select exam-
ples from within two broader themes:
cytoskeleton rearrangements during in-
fection—a long and well-documented
phenomenon whose study continues to
provide new insights and surprises—and
posttranslational modifications—a newer
and emerging field of study that appears
critical for our understanding of path-
ogen-host interactions) (Figure 1A).
Cytoskeleton Rearrangements
during Infection: New Players
in the Game
Many pathogens have evolved a variety of
mechanisms to modulate the host-cell
actin cytoskeleton during infection, either510 Cell Host & Microbe 5, June 18, 2009 ª2to adhere and/or enter into cells and also
to move within cells. These events are
among the best-understood processes
in the host-pathogen interaction field.
Yet, the whole spatiotemporal scenario
remains to be described.
Invasive bacteria induce their own
uptake by nonphagocytic host cells
using two well-differentiated mechanisms
referred to as ‘‘zippering’’ and ‘‘trig-
gering,’’ through which zippering bacteria
present molecules that mimic endoge-
nous ligands to host-cell receptors (e.g.,
Listeria and Yersinia) and triggering ba-
cteria directly inject effectors into the
cytosol of host cells via the type III secre-
tion system (TTSS) (e.g., Salmonella and
Shigella). In both cases, a cascade of
events leads to actin polymerization and
cytoskeleton rearrangements, which ulti-
mately enables bacterial engulfment. This
process is highly controlled by various
factors of either pathogen or host origin,
and in all cases a seven protein host
complex called the Arp2/3 complex is the
major actin nucleator. In recent years,
other players with instrumental roles in
bacterial entry have been discovered, un-
veiling unsuspected functions for these
components.
A Role for Clathrin during the Entry
of Invasive Pathogens
An important finding concerning themech-
anisms underlying bacterial invasion has
been the recent discovery that clathrin,
a molecule thought to be only involved in
the endocytosis of macromolecules, was
involved in the entry of Listeria, revealing
that clathrin can internalize objects much
larger than previously appreciated (Veiga
and Cossart, 2005) (Figure 1B). Although
not involved in the entry of triggering009 Elsevier Inc.bacteria, the clathrin-mediated endocytic
pathway is now recognized as a wide-
spread mechanism of entry for zippering
bacteria (Veiga et al., 2007).
Clathrin-mediated endocytosis was
originally considered to be actin indepen-
dent, but studies in yeast and mammalian
cells have increasingly shown that actin is
also involved in endocytosis (Kaksonen
et al., 2006). However, the molecular co-
nnection betweenclathrin-mediatedendo-
cytosis and actin rearrangements remains
to be determined. The actin polymerization
necessary for bacterial entry follows the
recruitment of clathrin, at least in the case
of Listeria InlB-mediated entry (Veiga
et al., 2007). Clathrin could mediate the
cytoskeleton rearrangements necessary
for entry by recruiting dynamin, a GTPase
involved in endocytosis and known to
recruit the well-established Arp2/3-acti-
vator cortactin. However, each case of
microbial entry is different, and further
investigation will be required to fully under-
stand the role of actin during the clathrin-
mediated entry of unconventional cargos.
Septins Modulate Bacterial Entry
into Host Cells
Recent work has highlighted a role for sep-
tins in bacterial entry. Septins are GTP-
binding proteins gaining increasing recog-
nition as key players in the regulation of
cytokinesis, secretion, membrane remod-
eling, and cytoskeleton dynamics. Unlike
actin and microtubules, septins assemble
into nonpolar filaments, and are regarded
as new and unconventional cytoskeletal
components because they associate
with cellular membranes, actin filaments,
and microtubules. Yet, it remains to be
determined how septins function as
a distinct component of the cytoskeleton.
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(A) Invasive bacteria enter nonphagocytic host cells via the zippering (top left) or triggering (top right) mechanism. In both cases, a cascade of events leads to actin
polymerization and cytoskeleton rearrangements, which in turn allows bacterial engulfment. Bacteria are subsequently internalized in a vacuole (also known as
a phagosome). Some bacteria escape from the vacuole to the cytoplasm. Once released into the cytoplasm, bacteria multiply and start to polymerize actin to
move intra- and intercellularly, as observed by the presence of characteristic actin tails. As described in the text, pathogens have the potential to co-opt post-
translational modifications at various stages of the infection process to manipulate the host response.
(B) Recruitment of endogenous clathrin at the Listeria entry site. Scale bar, 6 mm. These images are adapted from Veiga and Cossart (2005).
(C) Recruitment of endogenous septin (SEPT11) at the Listeria entry site. Scale bar, 1 mm. These images are adapted from Mostowy et al. (2009b).Solving this issue appears difficult owing
to the high number of septin isoforms (14
in humans), and to their different distribu-
tion in different cell types. In addition sep-
tins form heteropolymers with the smallest
functional unit of human septins being
a hexamer.
In contrast to the well-established role of
actin during bacterial entry, septin function
had not been addressed. It was recently
shown that septins are recruited and form
collars at the site of entry for zippering
and triggering bacteria (Figure 1C). When
cells are treated with an inhibitor of actin
polymerization, septin recruitment isimpaired showing that actin polymerization
precedes septin assembly. RNAi studies
established that SEPT2, a septin central
to hexamer and filament formation, signifi-
cantly contributes to the bacterial entry
process (Mostowy et al., 2009b). In con-
trast, SEPT11 appeared to limit the pro-
cess of internalization, highlighting two
different roles for two different septins
(Mostowy et al., 2009a). The mechanisms
underlying septin recruitment at the site
of microbial entry, and more generally
how septin assembly is orchestrated with
actin polymerization and also clathrin coat
formation requires further investigation.Cell Host & MicrobThe Paradigm of Bacterial Actin
Tails
Another infection strategy employed by
different pathogens, including Listeria,
Shigella, and Rickettsia is the subversion
of the actin cytoskeleton to move within
and between cells. All pathogens studied
so far promote actin polymerization by
exploiting the Arp2/3 complex. Strikingly,
different intracellular pathogens have ev-
olved different mechanisms for doing so:
bacterial determinants either mimic (e.g.,
L. monocytogenes ActA and Rickettsia
RickA) or recruit (e.g., S. flexneri IcsA)
proteins of the WASP family in eukaryotice 5, June 18, 2009 ª2009 Elsevier Inc. 511
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generate actin tails (Gouin et al., 2005).
The study of actin-based motility is one
of the best examples highlighting how
the study of a bacterial-induced process
can yield insight into basic cellular pro-
cesses. Indeed, ActA and Listeria have
been exceptionally instrumental in the
discovery of the role of Arp2/3. However,
despite major advances in our under-
standing of the actin-based motility of cells
and pathogens in vitro, a complete picture
of the proteins and mechanisms regulating
actin dynamics and movement in vivo is
yet to be obtained. It is now time to revisit
models of actin-based motility and investi-
gate other actin-binding proteins and
mechanisms that could regulate this
process in various cells and tissues. The
role of clathrin and septins during actin-
based motility and cell-to-cell spread has
to be addressed. The role of various
signaling cascades that coordinate the
function of thesekey proteins has to be de-
ciphered. Among those, phosphorylation
and dephosphorylation events are well-
known controllers of actin dynamics, and
kinases and phosphatases are progres-
sively recognized as major regulators.
Clearly, posttranslational modifications of
key cellular proteins are increasingly re-
cognized as important checkpoints during
infection.
Posttranslational Modifications:
A Quick Way to Adapt
Posttranslational modifications are in-
deed among the first events used by eu-
karyotic cells to react to infection. They
provide a versatile mechanism for regu-
lating a broad range of cellular processes.
Posttranslational modifications of pro-
teins include not only phosphorylation,
but also acetylation, ubiquitination, ubiq-
uitin-like modifications, and the recently
described AMPylation. Proteolysis and
phosphothreonine lyase activities are






cellular proteins as said above are widely
used by cells to modulate cytoskeleton
events, making it an attractive target for
pathogen invasion. Conversely, kinases
can also target bacterial proteins or be
used by bacteria for their own benefit.512 Cell Host & Microbe 5, June 18, 2009 ªThe strategy used by enteropathogenic
Escherichia coli (EPEC), to direct actin
polymerization from an extracellular posi-
tion to form an actin pedestal is rather
unique (Kenny et al., 1997). A translocated
protein of EPEC, Tir, is inserted into the
host-cell plasma membrane, where it
becomes tyrosine phosphorylated and
then binds the adaptor protein Nck, which
recruits N-WASP then Arp2/3 to generate
actin pedestals. Alternatively, pathogens
can induce dephosphorylation of cellular
proteins. Yersinia injects YopH, a protein
tyrosine phosphatase, to rapidly dephos-
phorylate several host proteins, which
thus prevents phagocytosis (Bliska et al.,
1991). Phosphorylation events are also
triggered by various stress responses,
e.g., the mitogen-activated protein kinase
(MAPK) signaling pathway, or host sur-
veillance systems that ultimately lead to
activation of nuclear factor-kB (NF-kB)
pathway and the onset of innate immune
responses and inflammation. Interest-
ingly, Yersinia through YopJ, an acetyl-
transferase, blocks phosphorylation of
the MAPK and NF-kB pathways, and
blocks the host immune response (Mu-
kherjee et al., 2006).
Ubiquitination is another posttransla-
tional protein modification wherein eu-
karyotic proteins can be posttranslation-
ally modified by the covalent addition of
ubiquitin. Ubiquitination regulates several
essential cellular processes including
protein degradation by the proteasome,
endocytosis, and other signaling path-
ways. Ubiquitination is also controlled by
deubiquitinases that can rescue proteins
from proteasome degradation, or down-
regulate signaling or trafficking events.
Co-opting ubiquitination is emerging as
a common strategy employed by patho-
gens using the TTSS to downregulate
host responses. Bacterial determinants
recently identified that exploit these path-
ways do so by functioning as E3 ubiquitin
ligases (e.g., S. flexneri IpaH proteins
[Rohde et al., 2007]), or by acting as deubi-
quitinases (e.g.,S.Typhimurium SseL [Ryt-
konen et al., 2007]). Alternatively, bacterial
determinants possess sequences that are
themselves targeted by ubiquitin. For ex-
ample, the S. Typhimurium-encoded GEF
SopEand GAP SptP become ubiquitinated
and degraded with differential half-lives in
the host, thereby exerting their function at
different times during infection which
provides temporal regulation to the effec-2009 Elsevier Inc.tor’s function (Kubori and Gala´n, 2003).
Another recent example is that ofS. Typhi-
murium SopB, which diversifies its func-
tion by localizing to different cellular
compartments at different times during
infection via its ubiquitin modification
(Patel et al., 2009). The growing literature
on microbial manipulation of ubiquitination
pathways reflects an important and
general theme in pathogenesis.
Other Posttranslational
Modifications during Infection?
While phosphorylation and ubiquitination
are investigated in many laboratories,
there is a need to systematically analyze
the role of other posttranslational modifi-
cations during infection. Strikingly, a novel
type of posttranslational modification
AMPylation, i.e., addition of adenosine
monophosphate, modifying Rho GTPases
was discovered through the study of two
pathogens Vibrio parahaemolyticus and
Histophilus somni (Worby et al., 2009; Yar-
brough et al., 2009).
A different example of posttranslational
modification is that of proteolysis, which
is relatively unique as it is irreversible.
Proteolytic cleavage of a limited number
of cellularproteins is anessential biochem-
ical feature of apoptosis. Apoptosis is initi-
ated by activation of cysteine-aspartic
acid proteases, the so-called caspases,
which cause coordinated cleavage of se-
veral substrates. However, the complete
relationship between substrate cleavage
and apoptosis is not yet fully understood.
A better characterization of proteolysis
events will certainly help identifying critical
checkpoints during infectious processes.
Emerging Perspectives
We have here briefly illustrated how cell
biology and infection biology have cross-
fed each other during the last two de-
cades. We focused on cytoskeleton rear-
rangements and some bacterial or cellular
posttranslational modifications occurring
in the infected host cell. It is clear that
the pathogenesis field has progressively
shifted from the study of the ‘‘mechanics’’
of infection toward a better understanding
of how pathogens co-opt host signaling
cascades with the ultimate goal of modi-
fying the host transcriptional program
and dampening the innate immune
response. A wide-open field of investiga-
tion now lies in the nucleus, and one
should expect that that many studies will
highlight how changes in chromatin
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induced by pathogens are key issues in
the establishment and maintenance of
infection (Hamon and Cossart, 2007). It is
obvious that as techniques improve,
some aspects of the infectious process
become more accessible. It is to be ex-
pected that for example the whole area
of phospholipid signaling and membrane
biology will explode, and of course greatly
benefit from the panoply of now available
high-resolution imaging techniques—
cryo-electron tomography and high-re-
solution fluorescence microscopy, e.g.,
photoactivation localization microscopy
(PALM) and stochastic optical reconstruc-
tion microscopy (STORM)—coupled to
automated high-throughput RNAi screen-
ing approaches. In conclusion, the field
of cellular microbiology is blooming more
than ever, and it will continue to do so as
more exotic diseases are addressed, and
as the concepts established in tissue-
culture cells are validated at the single cell
level in vivo in relevant animal models.
ACKNOWLEDGMENTS
We present our sincere apologies to our
colleagues for not citing even their major publica-
tions due to space constraints. S.M. is supported
by the Canadian Institutes of Health Research.
P.C. is an international research scholar from the
Howard Hughes Medical Institute.REFERENCES
Bliska, J.B., Guan, K.L., Dixon, J.E., and Falkow, S.
(1991). Tyrosine phosphate hydrolysis of host
proteins by an essential Yersinia virulence determi-
nant. Proc. Natl. Acad. Sci. USA 88, 1187–1191.
Gouin, E., Welch, M.D., and Cossart, P. (2005).
Actin-based motility of intracellular pathogens.
Curr. Opin. Microbiol. 8, 35–45.
Hamon, M., and Cossart, P. (2007). Histone modi-
fications and chromatin remodeling during bacte-
rial infections. Cell Host Microbe 1, 100–109.
Kaksonen, M., Toret, C.P., and Drubin, D.G. (2006).
Harnessing actin dynamics for clathrin-mediated
endocytosis. Nat. Rev. Mol. Cell Biol. 7, 404–414.
Kenny, B., DeVinney, R., Stein, M., Reinscheid,
D.J., Frey, E.A., and Finlay, B.B. (1997). Entero-
pathogenic E. coli (EPEC) transfers its receptor
for intimate adherence into mammalian cells. Cell
91, 511–520.
Kubori, T., and Gala´n, J.E. (2003). Temporal regu-
lation of Salmonella virulence effector function by
proteasome-dependent protein degradation. Cell
115, 333–342.
Mostowy, S., Danckaert, A., Tham, T.N., Machu,
C., Guadagnini, S., Pizarro-Cerda, J., and Cossart,
P. (2009a). Septin 11 restricts InlB-mediated inva-
sion by Listeria. J. Biol. Chem. 284, 11613–11621.
Mostowy, S., Nam Tham, T., Danckaert, A., Gua-
dagnini, S., Boisson-Dupuis, S., Pizarro-Cerda,
J., and Cossart, P. (2009b). Septins regulate bacte-
rial entry into host cells. PLoS ONE 4, e4196.
Mukherjee, S., Keitany, G., Li, Y., Wang, Y., Ball,
H.L., Goldsmith, E.J., and Orth, K. (2006). Yersinia
YopJ acetylates and inhibits kinase activation by
blocking phosphorylation. Science 312, 1211–
1214.Cell Host & MicrobPatel, J.C., Hueffer, K., Lam, T.T., and Gala´n, J.E.
(2009). Diversification of a Salmonella virulence
protein function by ubiquitin-dependent differential
localization. Cell 137, 283–294.
Rohde, J.R., Breitkreutz, A., Chenal, A., Sanso-
netti, P.J., and Parsot, C. (2007). Type III secretion
effectors of the IpaH family are E3 ubiquitin ligases.
Cell Host Microbe 1, 77–83.
Rytkonen, A., Poh, J., Garmendia, J., Boyle, C.,
Thompson, A., Liu, M., Freemont, P., Hinton,
J.C.D., and Holden, D.W. (2007). SseL, a Salmo-
nella deubiquitinase required for macrophage
killing and virulence. Proc. Natl. Acad. Sci. USA
104, 3502–3507.
Veiga, E., and Cossart, P. (2005). Listeria hijacks
the clathrin-dependent endocytic machinery to
invade mammalian cells. Nat. Cell Biol. 7, 894–900.
Veiga, E., Guttman, J.A., Bonazzi, M., Boucrot, E.,
Toledo-Arana, A., Lin, A.E., Enninga, J., Pizarro-
Cerda, J., Finlay, B.B., Kirchhausen, T., et al.
(2007). Invasive and adherent bacterial pathogens
co-opt host clathrin for infection. Cell Host Microbe
2, 340–351.
Worby, C.A., Mattoo, S., Kruger, R.P., Corbeil,
L.B., Koller, A., Mendez, J.C., Zekarias, B., Lazar,
C., and Dixon, J.E. (2009). The Fic domain: regula-
tion of cell signaling by adenylylation. Mol. Cell 34,
93–103.
Yarbrough, M.L., Li, Y., Kinch, L.N., Grishin, N.V.,
Ball, H.L., and Orth, K. (2009). AMPylation of Rho
GTPases by Vibrio VopS Disrupts Effector Bind-
ing and Downstream Signaling. Science 323,
269–272.e 5, June 18, 2009 ª2009 Elsevier Inc. 513
